The inclusion of fate and exposure is a central issue in 1.ifc Cyclc Impact Assessment (LCIA). According tn the framework dcvcloped by thc Society of Environmcntal Toxicity and Chemistry (SETAC), fate and exposure route are included through a fatc coefficient which makes the link bctwcen an cmission and the related increase in concentration. In the Critical surface-time 95 methodology, fate factors of air pollutants arc dctcrmined empirically at a world level as thc ratio of measured concentration to thc total estimated emission flow. Based on a detailed study performcd for seventeen pollutants, a correlation is developed to prcdict fatc factors from thc rcsidcncc time. Variation of a factor 10000 arc obscrvcd for the fate coefficient. Empirical fatc factors are comparcd to modelled fate factors and are found to have a similar order of magnitudc.
Introduction
Goal definition and inventory steps are relatively well defined for LCA. On the other hand, impact assessment clearly needs to be improved. The inclusion of fate and exposure in the characterisation of toxicity has been recognised as one of the major issues to be addressed (UDo DE HAES et al., 1996; JOLLIET et al., 1996) .
A general framework for the characterisation step of human toxicity and ecotoxicity, including fate, has been provided by the SETAC working group on Life Cycle Impact Assessment (JoLLmT et al., 1996) . In this framework, the effect score (S m) of substances "i" emitted in a media "m" is expressed as the product of an effect factor (E) and of a fate (F) factor: 104 im->n is the fraction of the emission in media "n" reaching media "m".
Most of the methods currently applied in LCIA do not consider the fate behaviour, i.e. they assume that all substances have the same fate properties. Approaches such as the critical volume (BUS, 1984) or the CML 1992 methods (HEIJUNGS et al., 1992) just compare the emission to a maximal critical concentration or to a No Effect Concentration. It therefore assumes that the fate factor is equal to unity for all substances. This is clearly not a valid assumption since the persistence of the pollutants can vary by a factor higher than 10000. Other methodologies, such as the Danish EDIP method (Environmental Development of Industrial Products: HAUSCHILD, 1994) , are limited to a partial fate analysis.
Methodological Principles for a Full Fate Analysis
According to Jc)LI. IFT et al. (1996) , an LCIA method can perform a full fate and exposure analysis if F effectively relates the inventory emission to the chosen toxicity effect factor. For instance, if the toxicity reference is a tolerable daily intake, then the fate factor should relate the emission to the amount of pollutant effectively absorbed (e.g., in food). Ifa concentration limit is used as toxicity reference, then F should relate the emission to the corresponding concentration increase. For air emission, the effect factor is assumed to be equal to the inverse of the Predicted No Effect Concentration (PNEC):
In this case, to perhmn a full fate analysis, the hte hctor should relate the emission to the integration of the related mean con- JoLHrT and CRE'I'rAZ (1996, appendix 1 ) also demonstrated that equation (2) and (3) imply that the characterisation factor is equal to the ratio of the absorbed dose divided by the acceptable dose: Tt3oVIN~N et al., 1994) . In addition to the question of the accuracy of such models, they cannot be applied on a global scale for a large number of substances; only a few substances have been modelled so far. GUINI~E et al. (1996) have recently calculated fate and effect factors for 100 substances using the USES model (Uniform System for the Evaluation of Substances). In USES, level III Mackay models are used to calculate the Predicted Environmental Concentration (8Ci=PEC) which is compared with the PNEC. On one hand, the advantage of the method is that it takes the inter-media transfer directly into account. On the other hand, the variation in the height of dilution is not considered. Moreover, USES requires the knowledge of a large number of parameters. This implies that default values are often used due to the lack of available data.
Modelled approach based on USES

Empirical approach: Critical Surface-Time 94
According to JoI_I. IET (1994) , the fate factor can be calculated at steady state on the basis of mass conservation as:
where ~i : residence-time characterising both degradation and deposition rates [yr] Vi : volume of dilution per unit surface, that is height of
This approach is quite suitable for water and soil pollutants, as their volumes of dilution and residence times can be directly calculated on the basis of available data from the literature. For emissions to air, the situation is more complex as it is mainly the concentration at the earth surface which has a direct toxicological impact. Moreover, the height of dilution varies from one substance to another.
To solve this problem, . IOLLmT (1994) suggested an approach to empirically determine the overall response of the environment according to equation (4): if measurements of the concentration and estimates of the emission flow are available for a given area, the fate coefficient can be directly determined as the ratio of the mean measured concentration at earth level (g-C~) divided bv the total emission flow per unit area (lvrffA). The first empirical estimates of fate coefficients were calculated at a regional scale (Switzerland), showing important variation in the height of dilution of the different pollutants. An unsolved problem was that, at this scale, export and import can play a significant part due to the transport of pollutants across the regional borders. This problem of impo,'t-export is suppressed if the whole world is considered. Moreover, as emission listed in an LCA inventory can take place all over the world, specific Swiss coefficients are not relevant for most applications. The pertinence of the approach will be eqhanced if the whole world is considerud. There is thcrefore a need to generalise this empirical approach at a global level.
Fate factors according to Critical Surface-Time 95: detailed study
In the Critical Surface-Time 95 metbodoh)gy (CST 95), fate factors and corresponding heights of dilution were determined at a global scale (world area of 5.1 9 1014 m 2) on the basis of estimated emissions and measured concentrations (Cm!'rr^z and.loLur:r, 1996) . Only emissions and effects in the air were considered. In addition, formation of decay products, spatial information and inter-media transport were not taken into account.
In the first stage, a detailed study has been carried out for 17 substances for which emissions and concentrations were available at world level; these gases are: key greenhouse gases (nitrous oxide, carbon dioxide, methane, chlorofluorocarbons CFC-11 and CFC-12), eight hydrocarbons (ethane, ethene, propane, propene, i-butane, n-butane, i-pentane, n-pentane) and a few other trace gases (carbon monoxide, sulfur dioxide, nitrogen oxides, ozone, fine particles). Results for fate factors as well as heights of dilution are listed in Table 1 and plotted in Figure 1 as a function of pollutant residence-time (log-log scale). (7) with the following adjusted coefficients and 95% confidence interval: a = 30100, 14000 < a < 64000; b = 0.61+0.37; (R2=0.82, 6 measurcments) -V= 10000 Im3-m -2] for T > 0.164 year (8) A quick evaluation of the fate and exposure behaviour of any substances can be performed on the basis of this extrapolation method. Results of an extrapolation for 91 substances are presented in the appendix. One must bear in mind that predicted fate factors are just a first order of magnitude (_+factor 2.1 on the a parameter). A specific study, involving estimations of global emissions and concentrations, is required for a more accurate determination of the fate factor.
Comparison with Other Studies and with the Modelled Approach
The whole earth surface, i.e. a global scale, is taken into account in this paper. Other scales, such as ~. regional (Switzerland) and continental scale (Europe), have been considered in previous studies (.Jol.Hl! r, 1994), (TAI.AIIARI) ON, 1995) . Results from these different studies are summariscd in Table 2 .
The importance of import-export in regional estimation of global effects such as global warming leads to amazing results. The CO2 height of dilution is much higher at a regional scale. This is dt, e to the export of this substance from Switzerland towards oceans and developing countries, which increases the apparent volume of dilutitm. This indicates that it does not make sense to select a regional scale for greenhouse gases. On the other hand, pollutants with a short residence time such as NOx, CO SO2 present similar heights of dilution at a regional and global scale. Therefore, a regional evaluation of the fate factor produces a reasonable approximation of the global factor for these pollutants. The difference in heights of dilution for particles is observed because only small particles were considered at a global scale, whereas no size distinction was carried out at a regional scale. JAGER, 1994) while the volume of dilution significantly changes from one substance to another in the empirical approach. 
Conclusion
This study reveals that it is possible to incorporate the fate behaviour of the st, bstances within LCIA. The range of fate factors proves that the fate and exposure factor cannot be assumed to be 1 for all pollutants and must be included in LCIA. The strong variation in the height of dilution from one substance to another shows that the assumption of a permanent height of dilution is not valid and should not be considered in modelling. This paper also provides a first estimate of practical factors for about one hundred substances. This preliminary list could easily be extended to other toxic chemicals, implying the gathering of their residence time. This is worthwhile in comparison to the modelling approach for which data availability remains a point of attention. By combining these fate and exposure factors with toxicological values, new LCA characterisation factors could be deduced for human toxicity and compared with those of CML 1996 (GuINI~E et al., 1996) .
Comparison between the impact of air emissions and that of water or soil emission, including the intrinsic toxicity, has also been performed and published for agricultural applications (AUDSLEY et al., 1996) .
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Appendix
This appendix presents the extrapolated fate factors and corresponding heights of dilution for about 100 pollutants. For this extrapolation, equations (7) and (8) have been applied. Residence times are taken from DINKV.L (1 996). When only degradation times are available, substances are listed in bold faced in Table 3 . For these pollutants, the fate factor is a maximum value as the residence time could be lower than the degradation time due to deposition. 
